Biomarkers for a-synuclein are needed for diagnosis and prognosis in Parkinson's disease (PD). Endogenous autoantibodies to a-synuclein could serve as biomarkers for underlying synucleinopathy, but previous assessments of auto-antibodies have shown variability and inconsistent clinical correlations. We hypothesized that auto-antibodies to a-synuclein could be diagnostic for PD and explain its clinical heterogeneity. To test this hypothesis, we developed an enzyme-linked immunosorbent assay for measuring a-synuclein auto-antibodies in human samples. We evaluated 69 serum samples (16 healthy controls (HC) and 53 PD patients) and 145 CSF samples (52 HC and 93 PD patients) from our Institution. Both serum and CSF were available for 24 participants. Males had higher auto-antibody levels than females in both fluids. CSF auto-antibody levels were significantly higher in PD patients as compared with HC, whereas serum levels were not significantly different. CSF auto-antibody levels did not associate with amyloid-b 1-42 , total tau, or phosphorylated tau. CSF auto-antibody levels correlated with performance on the Montreal Cognitive Assessment, even when controlled for CSF amyloidb . CSF hemoglobin levels, as a proxy for contamination of CSF by blood during lumbar puncture, did not influence these observations. Using recombinant a-synuclein with N-and C-terminal truncations, we found that CSF auto-antibodies target amino acids 100 through 120 of a-synuclein. We conclude that endogenous CSF auto-antibodies are significantly higher in PD patients as compared with HC, suggesting that they could indicate the presence of underlying synucleinopathy. These auto-antibodies associate with poor cognition, independently of CSF amyloidb , and target a select C-terminal region of a-synuclein.
Parkinson's disease (PD) is a progressive neurodegenerative disorder affecting motor and cognitive function. PD pathology is thought to begin in the brain long before clinical symptoms appear (Gaig and Tolosa 2009) , and most PD patients have already accrued significant neuronal loss by the time they are diagnosed (Fearnley and Lees 1991) . For these reasons, new diagnostic biomarkers are critically necessary for earlier and accurate clinical diagnosis.
The protein a-synuclein (a-syn) accumulates as insoluble, misfolded aggregates in neurons of PD patients, which leads to neuronal loss in multiple brain regions, including the substantia nigra (SN) (Lee and Trojanowski 2006) . Based on post-mortem studies, a-syn pathology appears to spread spatially and temporally through the brain (Braak et al. 2003) . Thus, biomarkers based on a-syn have the potential to address both early detection and prognostication in PD.
Endogenously generated antibody responses to self-antigens, termed auto-antibodies (AAbs), play a role in diagnosis and prognosis of many medical conditions (Hawa et al. 2004) . The relevance of neurological disease-associated AAbs can vary from screening for the presence of a disease state (i.e. CSF VDRL test for neurosyphilis) (Kennedy and Creighton 1998) to directly contributing to disease pathogenesis (i.e. CSF neuronal surface antigens in limbic encephalitis) (Irani et al. 2014) . In PD brains, a-syn aggregates in the SN appear to co-localize with deposited IgG (Orr et al. 2005) , suggesting that pathological a-syn is capable of inducing an in situ AAb response. Further, exogenously applied monoclonal antibodies to a-syn can deter the formation of a-syn aggregates in cellular and animal models of PD (Masliah et al. 2005; Games et al. 2014; Tran et al. 2014) , which suggests that endogenous a-syn AAbs have a participatory role in pathogenesis.
There is no single, widely accepted method to measure AAbs to a-syn in patient-derived biological fluid samples. Several studies have used enzyme-linked immunosorbent assay (ELISA)-based approaches to measure AAbs to a-syn in serum from PD patients, with mixed results. In two small cohorts, PD patient sera had higher levels of a-syn AAbs than healthy sera, but AAb levels dropped with longer disease duration or with more advanced motor disease Horvath et al. 2017) . Another study found elevated levels of a-syn AAbs in sera from familial PD but not from sporadic PD (Papachroni et al. 2007) . More advanced techniques to measure a-syn AAbs also find higher levels of a-syn AAbs in PD that peak at middle stages of motor impairment (Bryan et al. 2012) . In contrast, several other studies found no difference in serum a-syn AAbs between healthy subjects and PD patients (Woulfe et al. 2002; Maetzler et al. 2014) and no association with disease duration or motor disease stage (Besong-Agbo et al. 2013) . Fewer studies have examined PD CSF samples for a-syn AAbs. One study did not find elevated a-syn AAbs in PD CSF (Woulfe et al. 2002) , whereas another found elevated AAb levels that decreased with advanced motor disease (Horvath et al. 2017) .
We hypothesized that endogenous a-syn AAbs could serve as a diagnostic biomarker for PD, and that AAb level could correlate with either disease features or overall disease severity. Here, we developed a new ELISA method to detect a-syn AAbs in human biological fluids. We assayed serum and CSF samples collected at our Centers wherein patients are followed to assemble a cohort of well-characterized healthy controls and PD patients. We tested hypothetical correlations between AAb level and demographic, clinical, and psychometric characteristics. We also compared CSF AAb levels to amyloid-b 1-42 (Ab 1-42 ), total tau, and phosphorylated tau. Because CSF samples can be contaminated by peripheral blood during the collection procedure, we also measured hemoglobin levels in CSF as a surrogate for blood product contamination and included hemoglobin as a co-variate in our analyses. Finally, we also used a panel of recombinant a-syn containing selected truncations as standards to determine the epitope(s) recognized by a-syn AAbs in both PD and control samples.
Methods

Preparation of molecular biology reagents
Recombinant human a-syn was expressed and purified in E. coli BL21(DE3)-RIL Stratagene cells (Agilent, cat. 230245) using a PRK172/Hu WT a-syn plasmid vector as previously described. (Giasson et al. 2001; Volpicelli-Daley et al. 2014 ) Analogous plasmid vectors expressing N-terminal (a.a. 58-140) and C-terminal (a.a. 1-120 and a.a. 1-99) truncations were used to generate truncated a-syn as previously described (Giasson et al. 2000) . Aliquots of a-syn were stored at 5 mg/mL at À80°C and thawed on ice immediately before use. Mouse monoclonal antibody Syn 211 (RRID: AB_310817) and affinity-purified rabbit polyclonal antibodies SNL-1 and SNL-4 to a-syn were used as controls to confirm purity of recombinant truncated a-syn given their respective putative epitopes (a.a. 121-125, a.a. 104-119, and a.a. 2-12, respectively), as previously described (Giasson et al. 2000) .
Participants
Healthy controls and PD patients were recruited from the Penn Udall Center, the Parkinson's Disease and Movement Disorder Center, and the Penn Memory Center of the University of Pennsylvania. All clinical data were captured by movement disorder neurologists, behavioral neurologists, or a senior behavioral neurology research nurse. Healthy subjects were included if they were free of clinical symptoms of neurodegenerative disease, able to provide informed consent, and able to participate in biological fluid collection procedures. PD participants were included if they met U.K. Brain Bank clinical criteria for PD (Hughes et al. 1992) were able to provide informed consent, and were able to participate in biological fluid collection procedures. Disease duration was defined by patient report of initial symptoms and supplemented by chart review. Each participant was administered the Montreal Cognitive Assessment (MoCA) to measure global cognitive function (Nasreddine et al. 2005) . Disease severity was assessed by the Unified Parkinson's Disease Rating Scale (UPDRS) motor score in the participant's "ON" state and the Hoehn & Yahr (H&Y) scale. PD patients were additionally phenotyped as tremor-dominant type or postural instability -gait dysfunction type by calculating a tremordominant/postural-instability gait dysfunction ratio as previously described (Stebbins et al. 2013) . Total levodopa equivalent daily dose (LEDD) was calculated as previously described (Tomlinson et al. 2010) . All study protocols were approved by the University of Pennsylvania Institutional Review Board (Protocol #820710). Our study was not pre-registered. Informed consent was obtained from each participant prior to enrollment, in concordance with the Declaration of Helsinki.
Experimental design
All clinical data and samples were handled in a de-identified manner as previously described (Toledo et al. 2014) . Briefly, each participant was assigned a random and unique six-digit number. All biological samples were tagged by this six-digit number, and only this number was used to track samples by authors performing benchtop experiments (RSA and JPL). These investigators remained blinded to participant-level data (e.g. demographic information, diagnostic group, and clinical measures) until after all assays were completed. Samples were placed in random order on each assay plate.
Biological fluid collection and Alzheimer disease CSF analyses Serum and CSF samples were collected and processed according to established procedures (Trojanowski et al. 2010; Kang et al. 2013; Toledo et al. 2014) . Briefly, serum samples were collected in serum separation tubes and centrifuged at 3000 g for 15 min at 4°C prior to storage at À80°C. CSF samples were stored neat in 0.5 mL aliquots at À80°C. Samples were thawed on ice immediately before use. Twenty-four participants had matched serum and CSF samples. CSF Ab 1-42 , total tau, and phosphorylated tau were measured using the multiplex xMAP Luminex platform (Luminex Corp, Austin, TX, USA) and research use-only reagents from Innogenetics (INNO-BIA AlzBio3, Ghent, Belgium, cat. 80584) as previously described (Shaw et al. 2009 (Shaw et al. , 2011 (1 lg/mL to 48.8 pg/mL) using a human hemoglobin calibrator accompanied each assay. Assay data were fit to a four-parameter logistic dose-response curve to quantify absolute hemoglobin levels. Curves were constrained by absorbance for 1 lg/mL calibrator (for top) and absorbance for no calibrator (for bottom). A pooled serum sample was analyzed at a 1 : 5000 dilution to allow for normalization between assays.
APOE genotyping
Genomic DNA was isolated from peripheral blood samples using manufacturer's protocols (FlexiGene, Qiagen, Valencia, CA, USA or QuickGene, Autogen, Holliston, MA, USA). Genotyping for the APOE e4 allele was performed using real-time allelic discrimination PCR using TaqMan reagents and ABI assays C_904973_10 (for single-nucleotide polymorphism rs7412) and C_3084793_20 (for rs429358) on an ABI 7500 real-time PCR instrument (Applied Biosystems, Foster City, CA, USA) using standard conditions.
Statistical analysis
The absorbance from three wells per sample and per assay was averaged, and a standard deviation (SD) and coefficient of variance (CV, defined by SD divided by average absorbance) were calculated. Samples with greater than 15% CV were re-assayed. Only assay data with ≤ 15% CV were used in subsequent statistical analysis. At least three independent assays were used to calculate a grand average (mean of each individual assay absorbance) and grand SD (square root of the mean squared SDs). A final CV was calculated using the grand average and grand SD. For univariate correlations with AAb levels, we used two-sample t-test, Kruskal-Wallis rank test, or linear regression for categorical, normally distributed ordinal, or continuous variables. We used twoway ANOVA or multiple regression to look for interactions between ordinal and continuous variables. We used forward selection linear regression modeling to confirm univariate associations with AAb levels.
All statistical analyses were performed using Stata/IC (13.1, College Station, TX, USA). Figures were prepared with GraphPad Prism (6.0, La Jolla, CA, USA) and GNU Image Manipulation Program (GIMP 2.8.22-1, https://www.gimp.org/). For figures, each point depicts mean AE standard deviation unless otherwise specified. For all figures, each point represents at least three assays per sample and three technical replicates per assay unless otherwise specified. All statistical tests were two-sided. An alpha-level of p < 0.05 was used to determine statistical significance. Because this study was exploratory using a newly developed ELISA, sample size and power calculations were not performed. No randomization was performed in this study.
Results
Development of ELISA for a-syn AAbs in patient samples
We modified an indirect ELISA approach to detect a-syn AAbs (see Methods), wherein recombinant a-syn was first applied directly to a solid surface, followed by application of a blocking solution to occupy any remaining unbound areas. Then, either serum or CSF samples were applied to the surface to allow any AAbs within these samples to bind to the affixed a-syn. Finally, AAb binding was detected using a HRP-conjugated secondary antibody to human immunoglobulin, and HRP activity was measured by colorimetric assay.
To optimize our ELISA for a-syn AAbs, we tested multiple blocking agents, multiple anti-human IgG HRPconjugated antibodies, and variable blocking time. There was a dilution-dependent, non-specific HRP activity when serum samples were tested on wells that lacked a-syn coating (Fig. 1 ). This non-specific signal was higher when plates were blocked with 5% bovine serum albumin (SigmaAldrich, cat. A7906) and lower when blocked with 1% cold fish gelatin (Fig. 1a , top row vs. bottom row). Non-specific Fig. 1 Optimization of ELISA for a-syn auto-antibody detection. Dilute serum was applied to 384-well ELISA plates either coated with recombinant a-syn or not coated. (a) Plates were blocked with either 1% cold fish gelatin (top row) or 5% bovine serum albumin (middle row) overnight at 4°C. Binding was detected using anti-human IgG HRP conjugates raised in rabbit (left column), donkey (middle column), or goat (right column). (b) Plates were blocked with 1% cold fish gelatin at 4°C for either 6 days (left), 4 days (middle), or 1 day (right). Additional blocking solutions (1% bovine serum albumin, 5% milk in phosphate buffered saline, several commercial blocking solutions) did not demonstrate any improvement over 1% cold fish gelatin. Each data point represents three technical replicates (n = 3 wells). Wells coated with a-syn denoted by closed circles. Uncoated wells denoted by closed triangles. BSA, bovine serum albumin; CFG, cold fish gelatin; HRP, horseradish peroxidase conjugate. signals were optimal when using a goat anti-human IgG HRP conjugate (Fig. 1a , top right). Blocking time beyond overnight paradoxically worsened the non-specific background (Fig. 1b) .
To confirm that our ELISA detected immunoglobulins, we tested the heat stability of our samples in our assay. There was no significant effect of heating to 50°C for 10 min for either serum or CSF samples (Fig. 2) . In contrast, heating to 90°C for 10 min completely abrogated the detected signal consistent with the denaturation of immunoglobulins within the sample.
To further confirm that our ELISA detected immunoglobulins that recognize a-sn, we performed competitive ELISA by pre-incubating samples with soluble a-syn monomer prior to assay. Pre-incubation with equimolar amounts of soluble a-syn to that adsorbed for ELISA (100 ng) led to a reduction of 45% and 40% activity using two PD serum samples (Fig. 3 ). Ten-fold excess soluble a-syn led to a reduction of 57% and 42% ELISA activity. These data suggested that the AAbs detected in our ELISA were of low-affinity and capable of exchanging with immobilized a-syn.
Levels of a-syn AAbs are higher in males but not associated with age or APOE e4 status We analyzed serum and CSF samples from two separate cohorts of healthy controls (HC) and PD patients for a-syn AAbs and evaluated for correlations between AAb level and clinical phenotypes. The overall demographics for each cohort are listed in Table 1 . There were no significant differences in age or education between HC and PD patients Fig. 2 Heat inactivates immunoglobulins detected in a-syn autoantibody ELISA. Diluted serum or CSF of two HC and two PD patients were prepared in phosphate buffered saline and heated to 50°C, 90°C, or kept on ice for 10 min prior to addition to ELISA. Activity on ice was similar to activity following incubation at 50°C for 10 min. In contrast, incubation at 90°C for 10 min denatured the immunoglobulins in the sample and ELISA activity was lost. Each column represents mean AE standard deviation of three technical replicates (n = 3 wells). HC, healthy control; PD, Parkinson's disease. Fig. 3 Pre-incubation with soluble a-syn reveals low-affinity autoantibody interactions. Diluted serum of two PD patients were prepared in phosphate buffered saline along with increasing concentrations of soluble a-syn monomer. This preparation was incubated at 22°C for 2 h on an orbital shaker before analysis in ELISA. Activity was reduced to 92% (PD1) and 97% (PD2) with 1 ng soluble a-syn monomer, 82% and 83% with 10 ng, 56% and 60% with 100 ng, and 43% and 58% with 1000 ng a-syn in the pre-incubation step. Each column represents mean AE standard deviation of three technical replicates (n = 3 wells). PD, Parkinson's disease.
in either sample cohort. Similar numbers of male and female serum samples were tested. However, there were significantly more CSF samples from male subjects than from female subjects (Table 1) . For this reason, we included gender in all multivariable models. Presence of an APOE e4 allele was similar in both sample cohorts. Cognitive performance on the MoCA was better in HC than in PD in both sample cohorts (Table 1) . Mean CSF total tau was significantly lower in PD cases as compared with HC (Table 1) . There was no significant difference in CSF Ab 1-42 or phosphorylated tau between HC and PD (Table 1) .
For all samples, mean a-syn AAb levels were lower in CSF (0.596 AE 0.47) than in serum (1.332 AE 0.75). During our assay optimization, CSF dilution of 1 : 5 and serum dilution of 1 : 500 led to optimal signal-to-noise. Thus, serum a-syn AAb levels were over 200-fold higher than CSF a-syn levels. We hypothesized that if a-syn AAb levels directly reflected underlying a-synucleinopathy, AAb levels would increase over time. However, there was no linear correlation between age and a-syn AAb levels in either serum (p = 0.55) or CSF (p = 0.15). In both serum and CSF, males had significantly higher levels of a-syn AAbs than females (Fig. 4) . There was no linear correlation between years of education and a-syn AAb levels in either serum (p = 0.93) or CSF (p = 0.95). AAb levels in serum were similar in APOE e4 allele carriers (1.437 AE 0.70) as compared with non-carriers (1.316 AE 0.77) (p = 0.58). Similarly, CSF AAb levels were similar in e4 carriers (0.654 AE 0.53) versus non-carriers (0.575 AE 0.45) (p = 0.37).
Disease characteristics are listed in Table 2 . Disease duration, PD motor subtype, H&Y stage, and total UPDRS motor score were similar in the serum cohort and the CSF cohort (Table 2) .
PD patients have higher CSF levels of a-syn AAbs than HC subjects We hypothesized that a-syn AAb levels would be higher in PD samples as compared with HC samples and, thus, act as a diagnostic biomarker. CSF a-syn AAb levels were significantly higher in PD patients as compared with HC (Fig. 5a ). Additionally, significantly more PD participants had CSF a-syn AAb levels equal to or above the overall mean (41.5%) as compared with HC participants (23.1%) (Fisher's exact = 0.029). Because males had significantly higher levels of AAbs in both biofluids, we used two-way ANOVA to determine the contribution of gender and PD All data are mean AE standard deviation unless otherwise specified. *Fisher's exact < 0.001. **p < 0.05. Fig. 4 Auto-antibodies to a-syn are higher in males than in females. Males had significantly higher CSF levels of a-syn auto-antibodies (AAbs) (0.664 AE 0.51) than females (0.497 AE 0.40) (t 143 = 2.12, p = 0.035). Similarly, levels of AAbs were higher in serum in males (1.481 AE 0.74) than in females (1.114 AE 0.72) (t 67 = 2.04, p = 0.046). CSF samples were diluted 1 : 5 and serum samples were diluted 1 : 500. Each data point depicts mean AE standard deviation of three samples per assay, each assay having three technical replicates (n = 9 wells). Horizontal lines indicate group mean and standard deviations.
diagnosis to AAb levels. AAb levels remained significantly higher in PD samples as compared with HC samples (F 1,142 = 5.91, p = 0.016). We found no significant main effect of gender (F 1,142 = 1.63, p = 0.20; overall effect F 2,142 = 5.29, p = 0.006 by two-way ANOVA). Univariate analyses also found no difference between male and female samples, within either HC (Fig. 5b) or PD patients (Fig. 5c) . In contrast to CSF, a-syn AAb levels in serum were similar between HC and PD patients (Fig. 6a) , suggesting that a-syn AAb levels in this compartment could not function as a diagnostic biomarker. However, activity in two HC samples and 14 PD samples exceeded an absorbance value of 2.0 (Fig. 6a , samples above dotted line) and many appeared to fall outside the dynamic range of the assay when diluted 1 : 500. We hypothesized that this problem might contribute to a lower the mean PD AAb level relative to HC since the majority of these samples were from PD patients. These out-of-range samples were re-analyzed at a dilution of 1 : 2000 and AAb levels were imputed given the additional dilution factor. When analyzed this way, we continued to see no significant difference between HC and PD a-syn AAb levels in serum (Fig. 6b) . There was no significant main effect of gender (p = 0.14) or diagnosis (p = 0.19) to serum levels of AAb when analyzed using two-way ANOVA (overall p = 0.097). However, univariate analysis found significantly higher levels of serum AAb in male HC as compared with female HC (Fig. 6c) . Original, non-imputed values were also All data are mean AE standard deviation unless otherwise specified. significantly different between male and female HC by two-sample t-test (t 14 = 2.77, p = 0.015). There was no difference in univariate analysis between male and female PD patients (Fig. 6d) , including when using non-imputed values (p = 0.33). We hypothesized that a-syn AAb levels could reflect motor disease features. There was no linear correlation between a-syn AAb levels in serum or CSF and motor disease duration (p = 0.67 and p = 0.58). There was no difference in serum AAb levels among different H&Y stages (p = 0.79). Similarly, there was no difference in CSF AAb levels among different H&Y stages (p = 0.77). There was no linear correlation between AAb levels in serum or CSF and total UPDRS motor scores (p = 0.49 and p = 0.81). There was also no correlation between AAb levels in serum or CSF and total daily LEDD (p = 0.29 and p = 0.42).
Both serum and CSF were available from 24 individuals (4 HC and 20 PD). In these cases, CSF a-syn AAb levels were significantly correlated to serum a-syn AAb levels, when compared with either non-imputed serum values (r = 0.77, p < 0.0001) or imputed serum values (r = 0.76, p < 0.0001).
Levels of CSF a-syn AAbs do not correlate with Ab 1-42 or tau CSF biomarkers CSF Ab 1-42 , total tau, and phosphorylated tau are supportive diagnostic biomarkers for Alzheimer's disease (McKhann et al. 2011) . We hypothesized that CSF a-syn AAb levels reflected a separate underlying pathophysiology and, thus, would be not correlated with these other CSF biomarkers. We did not find a significant correlation between CSF a-syn AAb level and CSF Ab 1-42 , when analyzed for all participants (p = 0.44) or by diagnosis (for HC, p = 0.10; for PD, p = 0.16). In addition, mean CSF a-syn AAb levels were not significantly different in cases with positive CSF Ab 1-42 as determined by cut-off value of 192 pg/mL (p = 0.38). (Shaw et al. 2009 ) There was no significant correlation between CSF a-syn AAb level and CSF total tau (for all participants, p = 0.29; for HC, p = 0.24; for PD, p = 0.95). Because both CSF total tau and CSF a-syn AAbs were independently significantly lower in HC than PD (Table 1 and Fig. 5) , we tested the contribution of each variable to diagnosis while controlling for the other using partial correlation. Higher CSF a-syn AAbs levels continued to correlate with a diagnosis of PD when total tau was controlled (p = 0.005). However, when controlling for a-syn AAb level, total tau no longer correlated with diagnosis (p = 0.073). For phosphorylated tau, we found no correlation with CSF a-syn AAb levels among all participants (p = 0.99), or within HC (p = 0.31) or PD (p = 0.39).
Higher CSF levels of a-syn AAbs correlate with lower MoCA scores We next hypothesized that CSF a-syn AAb levels could reflect cognitive disease severity. Using linear regression, we found a significant, albeit modest, correlation between higher levels of CSF a-syn AAbs and lower total score on the MoCA (Fig. 7) . In a step-wise, forward linear regression model, CSF AAb level still significantly predicted total MoCA score when controlled for age and education (Table 3 , Regression 1). However, once diagnosis was included as a predictor, CSF AAb levels no longer significantly predicted MoCA score (Table 3 , Regression 1), owing to the significant difference in MoCA scores between the two groups (Table 1) . In contrast to CSF a-syn AAbs, we did not find a significant correlation between serum a-syn AAbs and MoCA (Fig. 7) .
CSF Ab 1-42 is known to contribute to cognitive impairment in PD ( Siderowf et al. 2010; Compta et al. 2013; Alves et al. 2014) . Therefore, we repeated our step-wise linear regression analysis to determine if the contribution of CSF a-syn AAb to MoCA score was influenced by CSF Ab 1-42 positivity. Positive CSF Ab 1-42 significantly predicted lower MoCA score as did age (p = 0.017, Table 3 , Regression 2). Education was no longer significantly associated with lower MoCA score when CSF Ab 1-42 was included in the model. CSF a-syn AAb level continued to significantly predict MoCA score when controlled for CSF Ab 1-42 , age, and education (p = 0.042, Table 3 , Regression 2). Addition of diagnosis (HC vs. PD) as a co-variate did not alter the significant association between CSF Ab 1-42 with MoCA score, when controlled for age and education (Table 3 , Regression 2). However, once diagnosis was included as a predictor, CSF AAb levels no longer significantly correlated with MoCA score, while CSF Ab 1-42 remained significantly correlated (Table 3 , Regression 2).
Serum contamination of CSF samples do not influence CSF a-syn AAb findings
Because absolute levels of a-syn AAbs were higher in serum than CSF by over 200-fold, we reasoned that serum AAbs could contaminate our CSF samples since peripheral blood can contaminate CSF during lumbar puncture. To assess the presence and significance of peripheral blood contamination in the CSF samples, we measured free hemoglobin in each CSF sample (Fig. 8) .
In this analysis, similar numbers of male and female CSF samples were positive for hemoglobin (44.2% and 42.4%) (p = 0.83). Consistent with our previous univariate analysis (Fig. 4) , CSF a-syn AAb level was still higher in males as compared with females when the presence of hemoglobin was included as a variable using two-way ANOVA (F 1,142 = 4.46, p = 0.036). Hemoglobin was present in similar numbers of HC (36.5%) and PD (47.3%) samples (p = 0.21). Presence of hemoglobin did not alter our finding that PD CSF had higher levels of a-syn AAbs than HC CSF (F 1,142 = 8.75, p = 0.004), as seen with univariate analyses (Fig. 5) . When controlling for the presence of hemoglobin, there remained no association between CSF a-syn AAb level and PD motor disease duration (p = 0.56), UPDRS motor score (p = 0.81), or LEDD (p = 0.40). H&Y stage did not significantly predict CSF a-syn levels with (p = 0.70) or without (p = 0.72) inclusion of hemoglobin status. However, higher CSF a-syn AAb levels continued to predict lower MoCA score when the presence of hemoglobin was included as a co-variate in multiple linear regression (Table 3, Regression 3). As seen in Regression 2, CSF a-syn AAb levels no longer significantly contributed to MoCA score when both disease status and hemoglobin contamination status were included in the model. CSF a-syn AAb binding is reduced by select C-terminal truncation of a-syn Previous studies suggest that the C-terminal region of a-syn is recognized by a-syn AAbs (Woulfe et al. 2014) . To identify the epitope(s) bound by CSF a-syn AAb and confirm and extend these findings, we modified our ELISA to incorporate various truncated a-syn proteins and compared AAb recruitment to that of full-length a-syn. Mouse monoclonal antibody Syn-211 detected full-length a-syn (a.a. 1-140) and N-terminal truncated (a.a. 58-140) a-syn but did not detect either C-terminal preparation (Fig. 9a) . Rabbit polyclonal antibody SNL-1 detected all preparations except for the C-terminal truncated (a.a. 1-99) a-syn. Rabbit polyclonal antibody SNL-4 detected all preparations except for the N-terminal truncated preparation. Each antibody detected approximately equivalent levels of full-length or truncated a-syn, suggesting that equivalent amounts of each preparation were adsorbed. MoCA, Montreal Cognitive Assessment; AAb, auto-antibody; HC, healthy controls; PD, Parkinson's disease; hgb, hemoglobin; -, not included.
Step-wise, forward linear regression models were performed for total MoCA score as an outcome variable and predictor variables as shown. Constant term not shown. Significant effects are shown in bold-face type.
Full-length or truncated a-syn was used to capture CSF a-syn AAbs. For all samples, CSF a-syn AAb levels were significantly lower when residues 100 to 140 were removed from a-syn (Fig. 9b) . However, removing only residues 121 to 140 did not affect the levels of CSF a-syn AAbs detected, as compared with full-length a-syn. There was no significant effect of N-terminal truncation on CSF a-syn AAb detection.
Discussion
We optimized an ELISA-based assay for a-syn AAbs and measured AAbs in serum and CSF samples from HC and PD patients. For both fluids, a-syn AAb level was higher in males than females. Levels of a-syn AAbs in serum were relatively higher than CSF for all participants. AAb level in CSF, but not serum, predicted a diagnosis of PD. In addition, higher CSF a-syn AAb levels correlated with poorer global cognitive performance. CSF a-syn AAb levels did not correlate with the CSF Alzheimer's disease biomarkers Ab 1-42 , total tau, or phosphorylated tau. The effects we found for CSF AAb and cognitive performance were not altered by CSF hemoglobin values and were seen in both univariate and multi-variate models. By comparing full-length a-syn to truncated a-syn, we determined that CSF a-syn AAb appeared to detect a region between a.a. 100 and a.a. 120 in the C terminus of a-syn. We did not find an association between a-syn AAb level and measures of motor severity or disease duration. Taken together, our results suggest that CSF a-syn AAbs could serve as a biomarker for underlying a-synucleinopathy in PD, and associate with cognitive impairment, but are independent of PD motor disease severity. Further, the relevance of CSF a-syn AAb to cognitive performance is independent of Ab 1-42 . The residues between a.a. 100 and 120 appear to be important epitopes for CSF AAb.
Our study suggests that both HC and PD patients harbor similar amounts of peripherally circulating a-syn AAbs. This degree of overlap suggests that serum a-syn AAb levels may not be useful as a diagnostic biomarker for clinical PD, as defined by loss of striatal dopaminergic tone and the presumed presence of Lewy bodies in the brain (Hughes et al. 1992) . However, an emerging hypothesis posits that the initial pathogenesis of PD, and early pathologic a-syn accumulation, might begin in the peripheral nervous system before the onset of motor symptoms (Akhtar and Stern 2012; Olanow and Obeso 2012) . In this context, we speculate that peripheral a-syn AAb levels might be useful to identify individuals who have peripheral a-syn deposits, and several peripheral sites, including parasympathetic ganglia, olfactory epithelium, submandibular gland, and colonic mucosa, have demonstrated pathologic a-syn accumulation (Beach et al. 2009 (Beach et al. , 2013 Lebouvier et al. 2010; Shannon et al. 2012) . These peripheral deposits could be complete asymptomatic (in the case of healthy individuals) or be associated with constipation and hyposmia (in the case of an individual with pre-motor PD) (Doty et al. 1992; Edwards et al. 1992) . Serum a-syn AAbs could be the response to these peripheral deposits and AAb levels might change as pathologic deposits accrue. In our study, two HC had relatively higher serum AAb levels than the other HC participants, and these individuals might already harbor a significant peripheral a-synucleinopathy. Alternatively, they represent the extreme end of the natural variation in a-syn AAb levels found in disease-free samples. These exploratory hypotheses will require testing in future studies with samples ideally collected before and after motor symptom onset.
We found significantly higher levels of CSF a-syn AAbs in PD patients as compared with HC subjects. Our observations suggest that CSF a-syn AAb levels could be reliable trait biomarkers for PD, although our results require replication in additional cohorts. Our data also suggest that AAbs may not be state biomarkers for motor disease progression, since they do not associate with measures of motor severity. Previous studies have suggested that serum a-syn AAb levels Given a narrow dynamic range of this assay, an arbitrary hemoglobin level of 0.558 absorbance units (horizontal dotted line) was selected to dichotomize samples as hemoglobin absent versus hemoglobin present. Each data point represents three technical replicates (n = 3 wells). Hgb, hemoglobin.
decrease in patients with disease stage greater than 2.5 on the modified H&Y scale Horvath et al. 2017) . Among our 53 serum cases, over 50% of cases were H&Y stage 3 and only two had H&Y stages greater than 3. Thus, our serum cohort may have underestimated the association of serum a-syn AAb level with more advanced motor disease stage due to a selection bias. We note that the LEDD for participants in this study was moderate, and UPDRS motor scores demonstrated moderate disease burden, suggesting that the sample was representative of typical PD patients managed at a tertiary care center. It remains to be determined whether a-syn AAb levels in the CSF are seen in a-synucleinopathies more broadly, which include multiple system atrophy and dementia with Lewy bodies.
A small number of HC in our study had elevated a-syn AAbs in their CSF relative to the overall HC group. When dichotomizing using the overall average AAb levels (including both HC and PD), 12 of 52 HC cases had CSF a-syn AAb levels equal to or above the mean. These observations could be explained by the fact that some HC probably have incidental a-syn deposits in the brain. In autopsy studies, a small proportion of clinically healthy individuals have incidental Lewy body pathology (ILB) that is a-syn positive (Fearnley and Lees 1991; Markesbery et al. 2009; Adler et al. 2010) . Therefore, if higher CSF a-syn AAb levels indicate the presence of CNS a-synucleinopathy, these 12 cases could either represent ILB cases or have pre-manifest PD. Another explanation is that these individuals harbor Fig. 9 Recruitment of CSF a-syn auto-antibodies is reduced by select C-terminal truncation of a-syn. Full-length or truncated a-syn were adsorbed for ELISA. (a) Mouse monoclonal antibody Syn 211 or rabbit polyclonal antibodies SNL-1 and SNL-4 did not detect a-syn in which truncations removed the binding epitope of each antibody. There was no significant difference in absorbance between the two preparations (full length and a.a 58-140) detected by Syn 211 (p = 0.69). SNL-1 detected slightly less of the N-terminal truncated asyn than either the full-length or the a.a. 1-120 preparation (p = 0.016 and p = 0.008) (overall effect F 2,6 = 12.84, p = 0.007 by one-way ANOVA when excluding a.a. 1-99). SNL-4 detected slightly more of the a.a. 1-99 preparation than full length (p = 0.013), but there was otherwise no difference between full-length and a.a. 1-120 or between a.a. 1-120 and a.a. 1-99 (overall effect F 2,6 = 9.23, p = 0.015 by one-way ANOVA when excluding a.a. 58-140). Each column represents mean AE standard deviation of three technical replicates (n = 3 wells). (b) CSF a-syn auto-antibody (AAb) levels were significantly lower when C-terminal truncated (a.a. 1-99) a-syn was used in ELISA as compared with full-length a-syn (p < 0.001), partial C-terminal truncated a-syn (a.a. 1-120, p < 0.001), or Nterminal truncated a-syn (a.a. 58-140, p < 0.001) (overall effect F 3,564 = 27.32, p < 0.0001 by one-way ANOVA). There was no significant difference in average CSF a-syn AAb levels detected by fulllength versus a.a 1-120 (p = 0.75), full-length versus a.a. 58-140 (p = 0.96), or a.a 1-120 versus 58-140 (p = 0.44). Each data point depicts mean of three samples per assay, each assay having three technical replicates (n = 9 wells). Horizontal lines depict mean and standard deviations.
early a-synucleinopathy in the setting of Alzheimer's disease (Kotzbauer et al. 2001) , which has a long prodrome of Alzheimer's disease-related neuropathologic changes (Dubois et al. 2016) . These possibilities require future study since our participants' diagnoses were clinical and not autopsy confirmed. However, the consequence for Alzheimer's disease is significant since co-existing a-syn pathology appears to influence clinical features including cognition (Chung et al. 2015; Brenowitz et al. 2017) , and likely influences the degree of underlying Ab and tau pathology (Walker et al. 2015) . Thus, in Alzheimer's disease, CSF asyn AAb levels might be useful to identify individuals with co-existing Lewy body pathology.
Irrespective of underlying diagnosis, we found that high CSF a-syn AAbs significantly correlated with poor cognitive performance, although the magnitude of correlation was modest on univariate analysis. However, the correlation persisted after controlling for age and years of education. As expected, the underlying diagnosis also made a significant contribution to cognitive performance, such that inclusion of diagnosis in our regression models negated the effect of AAb level. It is established that increased burden of cortical Lewy bodies in PD associates with cognitive impairment (Hurtig et al. 2000; Irwin et al. 2012) , but the relevance of ILB in HC to cognition is less clear (Markesbery et al. 2009; Adler et al. 2010) . It is possible that either the entry of peripheral AAb into the CNS or the increased interthecal synthesis of AAb is deleterious to cognition. Alternatively, CSF a-syn AAbs may only signify the presence of a parallel process that portends poor cognition. These potential interactions should be examined in future studies.
Importantly, the association between CSF a-syn AAb and cognitive performance is independent of CSF Ab 1-42 , a known contributor to cognitive impairment in PD (Siderowf et al. 2010; Compta et al. 2013; Alves et al. 2014) . The association we found was also independent of APOE e4 status. These observations suggest that the pathological processes leading to aberrant Ab 1-42 could be separate from those processes leading to a-syn AAb generation. To our knowledge, no previous studies examined the relationship between CSF a-syn AAb and these traditional biomarkers.
The etiological mechanism behind a-syn AAbs generation is unknown. Neither age or overall motor disease duration (in the PD sample) was correlated with a-syn AAb level, suggesting that a-syn AAbs are not simply associated with increased overall pathological a-syn burden. Molecular mimicry, which has been implicated in some antibodymediated diseases, offers one possible explanation for a-syn AAb generation (Woulfe et al. 2014) . Previous reports from Woulfe and colleagues suggest that serum AAbs in PD patients could cross react with Epstein-Barr virus (EBV) proteins, and a C-terminal region is important for this activity (Woulfe et al. 2000 (Woulfe et al. , 2016 . EBV causes a latent infection in lymphocytes and typically leads to self-limited syndrome of infectious mononucleosis (Dunmire et al. 2015) . However, prevalence of EBV infection in the community is high and far out of proportion to the prevalence of PD, suggesting that prior exposure to EBV alone is not sufficient to cause PD. Nevertheless, we find that this region (between a.a. 100 and 120) is also important for CSF a-syn AAb recruitment. A recent study found that peptides derived from the N-terminal region of a-syn, and from the C-terminal region to a lesser extent, are capable of inducing T-cell responses in peripheral blood mononuclear cells from PD patients (Sulzer et al. 2017) . We cannot exclude the possibility that multiple, distinct pools of AAbs are present in our samples, including AAbs that recognize portions of the N terminus. It is possible that only those AAbs which recognize a.a. 100 to 120 have sufficiently high affinity to be detected in our assay. Nevertheless, binding of AAbs to a-syn could influence the propensity of a-syn to misfold and aggregate, possibly when a-syn is extra-cellular during putative cell-to-cell transmission events (Guo and Lee 2014) . For these reasons, more precise identification of the epitope or epitopes within this region recognized by a-syn AAbs might reveal how these AAbs are generated.
The presence of a-syn AAbs in biological fluids could also potentially confound attempts at detecting monomeric a-syn in both serum and CSF. It is plausible that high levels of endogenous AAbs could interfere with assays that leverage monoclonal a-syn antibodies in their design, since many detect a-syn in this same C-terminal region (Kasuga et al. 2012) . Interference from non-specific heterophile antibodies is also known to complicate a-syn measurements (Ishii et al. 2015) . Future studies would benefit from simultaneous assessment of both a-syn and a-syn AAbs to look for any interaction between the two.
Our study had several limitations. We only had matched serum and CSF samples for a small proportion (24) of the participants, the majority of whom were PD patients. The data from these matched samples suggest that the a-syn AAb levels correlate between the two compartments, but additional matched samples could allow us to determine the likelihood that peripheral a-syn AAbs enter the CSF rather than be interthecally synthesized. We also did not test longitudinal samples or determine the effect of AAb level on longitudinal measures of motor or cognitive function. Since we may be detecting multiple pools of a-syn AAbs, it is difficult to know if all of the AAbs act uniformly with respect to protection versus pathogenicity.
Using a newly developed assay to measure a-syn AAbs in serum and CSF, we found higher levels of AAbs in males versus females and higher levels in CSF from PD patients as compared with CSF from HC. Levels of CSF AAbs also correlated with cognitive performance and were not influenced by hemoglobin contamination. CSF AAb level did not correlate with traditional Alzheimer's disease CSF biomarkers, and the association with cognitive performance was independent of CSF Ab 1-42 . A discrete region in the C terminus appears to be important for AAb generation. These studies suggest that measures of a-syn AAb levels could be useful as adjunctive biomarkers in PD, and help extend our understanding of immune mechanisms behind a-synucleinopathy.
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